Abstract The surface impedance tensor approach has been used to review the impedance response in a variety of amorphous and nanocrystallized wires. An experimental study on the torsion annealing effect on the magnetoimpedance (MI) behaviour for positive and negative magnetostriction amorphous wires of FeSiB and CoSiB compositions, respectively, has been carried out. Moreover, the influence of the onset nanocrystallization on the MI behaviour in Finemet-type alloys, with particular attention focussed on the case that the wires are annealed under applied torsional stress, is also presented. The analysis of the MI and torsion-impedance (TI) effects allows us to compare the different magnetic characteristics observed in a variety of wires. Special attention is paid to new results of the off-diagonal MI huge responses of these ferromagnetic samples, which are also a very useful source of information on the magnetic properties of the wires.
Introduction
The magnetoimpedance (MI) effect has become an attractive subject in magnetic materials research, due to its enhanced possibilities as technological applications and also as a research tool [1] [2] [3] [4] [5] [6] [7] . The MI effect consists on a large variation of impedance when a magnetic bias field is applied to a ferromagnetic conductor when an ac current is flowing through it. The MI effect depends on the ac drive current (frequency M.L. Sánchez ( ) · V.M. Prida · J.D. Santos · J. Olivera · T. Sánchez · J. García · M.J. Pérez · B. Hernando Departamento de Física, Universidad de Oviedo, 33007 Oviedo, Spain e-mail: mlsr@uniovi.es Fax: +34-985103324 and amplitude) and on the bias longitudinal field through the skin depth and magnetic permeability, respectively. This effect has been used in many applications so far. It is possible to tailor materials to achieve the desired application, in order to get adequate MI responses.
The magnetic response of the sample can also be influenced by other parameters that characterize the sample, like the magnetic anisotropy [8] , permeability or magnetostriction coefficient [10] . As a general rule, samples with compositions corresponding to very low or nearly zero magnetostriction coefficient can show large magneto impedance effect, but in the case of samples with larger magnetostriction, the tensional or torsional stresses can also improve their magnetic behaviour through magnetoelastic coupling [11] . A torsion-impedance (TI) effect can also be defined as due to the influence of a torsional stress, without the influence of any magnetic field. It consists of the variation of impedance due only to a torsional stress applied to the sample [10, [12] [13] [14] [15] [16] .
The soft ferromagnetic wires, produced by rapid solidification from the melt, have become one of the most important developments during the last decade [17] . Due to the absence of a long-range crystalline structure, the shape and magnetoelastic anisotropies together with magnetostatic effects are the main source of anisotropy in soft ferromagnetic amorphous wires. The quenching process induces strong radial stresses and hence stress-induced anisotropy in the radial direction. Besides that, a magnetic anisotropy can be induced in amorphous wires by performing thermal treatment under a tensile or torsional stress, affecting their MI behaviour.
It is well known that the microstructure control of the samples greatly affects the magnetic behaviour of ferromagnetic materials, producing a magnetic softening of the sample, and increasing its magnetic permeability [18] [19] [20] . The nanocrystalline alloys obtained by devitrification of Fe-rich metallic glasses have very interesting magnetic properties, such as high saturation magnetization, vanishing macroscopic anisotropy, and high magnetic permeability, which make them suitable for exhibiting high MI responses [21] .
A way of obtaining a helical induced anisotropy is to make a thermal annealing with the simultaneous application of a torsional stress to the sample. Thus, the measurement of the off-diagonal components of impedance can give information about the stress state of the sample, and its magnetoelastic response through the MI effect or the TI effects.
The off-diagonal MI has recently attracted large interest due to its advantages for its application in the development of magnetic sensors. This effect has shown a great potential of amorphous ferromagnetic wires, microwires and ribbons for microminiature magnetic field sensing applications. Their main advantages are the high response non hysteretic behaviour, low power consumption and very simple sensor scheme, which make them very promising materials for sensor technology [22] [23] [24] [25] .
MI and TI effects are studied in this review in ferromagnetic wires with different compositions, when submitted to the influence of torsional stresses in both cases, during the annealing treatment and during the measurement. Co-rich and Fe-rich wires have different signs of magnetostriction constant, therefore resulting in an opposite magnetic response. The influence of nanocrystallization onset is also reported for Fe-rich wires. The off-diagonal MI effect was also obtained for these wires and is reported in Sect. 3.7, showing large responses.
Experimental details
The amorphous wires have been obtained by the in-rotatingwater quenching technique. The magnetostriction coefficients were measured by the small angle magnetization rotation (SAMR) method [26] . The hysteresis loops were obtained by a conventional induction technique at 12 Hz and a maximum magnetic field up to 120 Oe. Magnetic domains have been observed by Bitter technique in a metallographic microscope. Ferrofluid nanoparticles were supplied by Ferrotec, Inc. USA, and domain observations were done under a constant magnetic field of 24 kAm −1 perpendicularly applied to the wire axis to enhance the contrast.
In order to further improve the soft magnetic properties of the Fe 73.5 Si 13.5 B 9 Nb 3 Cu 1 alloy and obtain an optimum microstructure, amorphous wires of this composition have been annealed at different temperatures. The evolution of the magnetic parameters that have been obtained after heat treatments leads to an improvement in the impedance response for the nanocrystallized material. This alloy with a nanocrystalline grain structure exhibits excellent soft magnetic properties based on the two main phases of the microstructure by consisting of nanocrystalline ferromagnetic grains surrounded by a ferromagnetic amorphous matrix. Since the grain size (about 10-20 nm) of the α-FeSi nanocrystalline phases is much smaller than the magnetic exchange correlation length, the magnetocrystalline anisotropy and the magnetostrictive coefficients are averaged over the many small grains, which can be accounted for by the random anisotropy model [20] .
The amorphous Fe 73.5 Si 13.5 B 9 Nb 3 Cu 1 samples were cut in 20 cm long pieces in order to perform the annealing treatments. Some of them were annealed at 560°C during 20 minutes in a preheated furnace, under Ar atmosphere. Others were annealed in the same way, but with an applied torsional stress of π/20 rad/cm, in order to induce a helical anisotropy. The wires have a 98 µm diameter, and smaller parts of around 7.0-8.5 cm in length were cut from the central part of the annealed wires for magnetic measurements.
Another set of amorphous Fe 73.5 Si 13.5 B 9 Nb 3 Cu 1 were annealed in a conventional preheated furnace at temperatures ranging between 300°C and 560°C during 1 hour, under Argon atmosphere, in order to achieve the nanocrystalline state. These wires were 10 cm long and had a larger diameter, of 133 µm.
Another set of amorphous wires with nominal compositions Fe 77.5 Si 7.5 B 15 and Co 72.5 Si 12.5 B 15 were also studied. Diameters of the samples were 126 µm and 120 µm, respectively. As-quenched samples of both compositions, were also cut in 20 cm long pieces for performing the thermal treatments. Samples were annealed at 350°C during 20 minutes in Ar atmosphere without magnetic field and simultaneously twisted with a torsional strain of π/20 rad/cm in the counter clock-wise sense, which was kept constant during the treatments. The annealing temperature was selected well below the corresponding one to the beginning of any crystallization process (above 400°C for both samples). The Curie points of the amorphous magnetic phases of Fe 77.5 Si 7.5 B 15 and Co 72.5 Si 12.5 B 15 wires were 440 ± 10°C and 280 ± 10°C respectively. The thermal treatment was carried out at a temperature below the Curie point in the case of the Fe-based wires and above the corresponding Curie point for the Co-based wires. Due to this reason, the induced anisotropy in this wire should only be brought about by the applied torsional stress. The nature of the torsion-induced magnetic anisotropy in the Fe 77.5 Si 7.5 B 15 wires would be a magnetoelastic one [27] .
The MI effect consists on a large variation of impedance as a magnetic field is applied to a ferromagnetic sample. When an ac drive current is flowing through the sample, two components of the induced voltage can be measured, as a consequence of a cross-magnetization process.
The voltage response in the magnetic wires (V z , V φ ) is related to the ac excitation current I z via the surface im- Fig. 1 Experimental set-up for the measurement of axial and off-diagonal magnetoimpedance in a ferromagnetic sample. The sample is connected in series with a resistor R, in order to maintain a constant amplitude of the ac drive current, I z . Two measured voltages are obtained, one between the ends of the sample V z , and another one by means of a pick-up coil, V φ . A bias magnetic field H can be applied axially to the sample by means of a pair of Helmholtz coils pedance tensor. This tensor establishes the relationship between the tangential electric field (which originates the voltage) and the tangential magnetic field (which determines the current) on the wire surface. The diagonal axis ζ zz and offdiagonal ζ φz components of the impedance tensor can be derived from the voltage V z between the wire ends for the conventional MI, or the voltage V φ of the pick-up coil, respectively [23, 25] :
Being L the wire length and N is the number of turns of the pick-up coil. The components of the surface impedance tensor of the wire have been determined by measuring the induced voltages, V z and V φ , using a two-channel lock-in amplifier. Figure 1 shows a scheme of the experimental set-up for the impedance tensor measurements. The wires were connected to the impedance measurement circuit by means of silver conductive paint. The frequency of the ac current was varied from dc up to 2 MHz, but its magnitude was kept constant at 5 mA rms. A dc axial field was supplied by a pair of Helmholtz coils, in the range of ±100 Oe. Both the wire and Helmholtz coil axis were perpendicularly aligned with respect to the earth's magnetic field direction.
The axial induced voltage, V z , is measured between the ends of the sample. A value of impedance is obtained through Ohm's law, and gives rise to the mostly reported MI effect, or so called axial magnetoimpedance.
In order to measure V φ , a pick-up coil (2.4 cm long, 1150 turns) was wounded on a glass tube of 1 mm of diameter and mounted around the wire. This voltage produces the offdiagonal impedance, as was explained above.
Generally, impedance in a wire is understood as a ratio of a voltage measured across it to a passing ac current, as shown in Fig. 1 [25] , and the MI rate can then be defined with respect to the magnetic saturation of the sample at the maximum applied field H max as
where Z is the impedance or one of its components (Z = R + jX, j = (−1) 1/2 ). Here Z can be the axial or the offdiagonal impedance.
Sensitivity to the applied magnetic field can be obtained from the impedance measurements [28] as
where FWHM is the full width at half maximum. The influence of torsional stresses can also be investigated, instead of the applied magnetic field, due to the magnetoelastic coupling which produces changes in the magnetization processes of the samples without the influence of a magnetic field. A small change in the experimental setup shown in Fig. 1 can be made, consisting on the application of a torsional stress to the sample, without any magnetic field. The torsion-impedance ratio can be defined in exactly the same way as above, but with the application of torsional stresses, with respect to a maximum applied torsion ξ max , and without the influence of any magnetic field, as
When the ac drive current, I z , flows through a wire with helical magnetization, I z induces a voltage with a longitudinal and circular component, V z and V φ respectively. V z is obtained between the clamped ends of the sample and V φ from a pick-up coil wound around the wire. I z produces an ac circular magnetic field, H φ (at the wire surface H φ = I z /2πa, where a is the wire radius), which is responsible for the change in the ac axial magnetization. Hence a circumferential or helical magnetization is needed in the sample to make it possible a cross-magnetization process.
Experimental results
The experimental procedure of producing the magnetic amorphous wires determines their peculiar domain structure, together with their magnetostriction coefficient. The domain structure of as-quenched ferromagnetic amorphous wires reflects the distribution of stress frozen-in during the fabrication process. Tensile, compressive and shear internal stresses are present in the samples and they depend on the distance to the wire's axis. The resultant magnetoelastic anisotropy together with the magnetostatic energy determines the magnetic regions present in the wire. Fe-rich wires have a positive (of the order of 10 −5 ) magnetostriction coefficient, λ s , and their domain structure consists on a longitudinally magnetized axial core, and a radially oriented outer shell, with a maze configuration and zig-zag walls on the whole surface, indicating the presence of stripe domains with unclosed [29] or closed magnetic flux, as can be observed in Fig. 2a . On the other hand the negative (of the order of 10 −6 ) magnetostriction type wires (as e.g. Corich wires) also have the longitudinally oriented domain core but a circularly magnetized outer shell, separated by 180°domain walls, as is displayed in Fig. 2b . There are also Co-based wires with vanishing magnetostriction coefficient with some weak straight walls and a few random helical domains with a bamboo-like structure that can hardly be observed at the surface, suggesting that the magnetization tends to align close to the circumferential direction.
The existence of the axially oriented core domain along the wire explains the magnetic bistability, consisting of the sudden reorientation of this inner domain [30] . Wires exhibiting vanishing magnetostriction coefficient do not show spontaneous magnetic bistability.
The thermal annealing of the wires and specially the application of torsional stresses or the annealing with an applied torsional stress changes the domain structure of the wires, changing also the magnetization processes that take place during the magnetization of the samples.
The skin effect appears when an AC current is applied to the wire [31] . The inner part of the sample is shielded to AC currents and fields, and the drive current flows through the outer shell of the wire. The measurements performed in our samples give us information of the magnetic response of their outer shell. How large this shell is, would be determined by other parameters that change the skin penetration depth, which can be roughly approximated by δ = (ρ/πμf ) 1/2 , being ρ the electrical resistivity of the sample, μ the magnetic permeability and f the drive current frequency. A change of these parameters would result in a different current distribution in the sample's cross section and thus a change in impedance. This approximation has given a reasonable qualitative agreement with experimental results [23] . The magnetic permeability depends as well on the drive current frequency in a complicated way, and is also affected by the magnetic anisotropy induced by the thermal treatment. In the case of nanostructured samples, ρ changes with the thermal treatment, improving the impedance response with the nanocrystallization of the sample [25] . Therefore, in the case of high values of the drive current frequency, only the outer layer of the sample is responsible for the measured impedance, and for lower frequencies the axially magnetized inner domain would also intervene, if not all, at least some part of it.
Frequency dependence of magnetoimpedance and torsion-impedance
The impedance of the magnetic wires depends strongly on the drive current frequency used during the measurements. All measurements here presented were performed in the frequency range of 0.01-2 MHz, well below the ferromagnetic resonance observed in this kind of samples [32, 33] .
In the frequency range of 0.1-10 MHz, either the bias-fieldinduced and/or the torsional-stress-induced changes in the sample's impedance reflects the variations of the magnetic penetration depth caused by strong changes in the transverse permeability in a soft magnetic conductor. At these frequencies, the driving current flows through the outer shell of the sample. The penetration depth δ, depends on the transverse (with respect to the current direction) permeability of the sample μ t as was explained above. The external dc field or torsional stress strongly modifies the permeability, leading to an increase in the effective section of the sample and a decrease in the impedance. Figure 3 shows the torsion-impedance ratio spectra for Fe 77.5 Si 7.5 B 15 and Co 72.5 Si 12.5 B 15 wires that were measured in the as-quenched state and after being submitted to a torsional annealing treatment, as was explained above. The torsion-impedance shows an increase up to a maximum and then a decrease at higher driving current frequencies. The annealing treatment influences the torsion-impedance rate in a different way in each wire. In the positive magnetostrictive Fe 77.5 Si 7.5 B 15 wire the torsion-impedance response is improved by the annealing treatment. In the case of the negative magnetostrictive Co 72.5 Si 12.5 B 15 wire the torsion annealing treatment decreases the value of the maximum in the spectrum. This behaviour takes place in MI as well as TI spectra.
The drive current gives rise to a circular ac magnetic field that magnetizes the sample in the circular direction. The magnetization processes that take place are different according to the drive current frequency and to the torsional stress that modifies the domain structure. At low frequencies the magnetization processes take place by domain-wall displacements, and at larger frequencies, when the axial domain-wall movement has been damped, the influence of circular domains induced by the torsional stress is higher, resulting in a maximum in the torsion-impedance spectra. This maximum is characteristic for each sample, and it is called the relaxation frequency, f x , separating two different magnetization processes that take place mainly at lower frequencies (domain-wall movements), from the ones at higher frequencies (magnetization rotation) [34] .
The frequency at which the torsion-impedance has a maximum shows a small change with the annealing treatment in the case of the Fe-rich wire (from 1 MHz to 1.25 MHz), and it increases from 0.5 MHz to 0.95 MHz in the Co-rich wire for the as-quenched and torsion annealed samples, respectively.
The domain structure of the Fe 77.5 Si 7.5 B 15 and Co 72.5 Si 12.5 B 15 wires is quite different, due to the opposite sign in their magnetostriction coefficients. While the Fe-rich wire has an outer shell with radially oriented domains (see Fig. 2a ), the Co-rich wire develops a circular domain structure in its outer shell, separated by 180°domain walls as is shown in Fig. 2b . The application of a torsional stress during the annealing treatment would relax the stresses due to the fabrication procedure and would also induce a helical anisotropy. In the case of the Fe 77.5 Si 7.5 B 15 wire the positive sign of magnetostriction is essential in the development of the helical anisotropy due to its higher Curie temperature, as explained above. The helical induced anisotropy has the same direction of the applied torsional stress. The case of the Co 72.5 Si 12.5 B 15 wire is a little bit different, because the annealing treatment was performed above the Curie temperature, although the wire was cooled down in the presence of the applied torsional stress, and it develops a helical induced anisotropy as well, but with the helix angle perpendicular to the one of the applied torsional stress, due to its negative magnetostriction coefficient. Figure 3 shows a higher value of Z ξ /Z(%) maximum for the Co 72.5 Si 12.5 B 15 wire in the as-quenched state, because the circular domain structure favours the circular magnetization processes. When the wires are annealed, the Fe 77.5 Si 7.5 B 15 wire improves their magnetic behaviour, improving also the behaviour of the Co-rich wires in the asquenched state. The domain structure changed to a helical one, and the circular magnetization processes takes place by moment rotation. The application of a magnetic bias field (MI) instead of a torsional stress (TI) has a similar effect: there is a maximum of the spectra at a certain f x frequency, above which the magnetization processes are mainly due to moment rotation. This peculiar behaviour has also been found in ribbon-shaped samples [35] .
Influence of the induced anisotropy on the MI effect
The magnetic field dependence of the MI gives information about the axial magnetization process. The domain-wall movements are irreversible and can produce some hysteresis in the magnetic field dependence of the impedance at low magnetic field values. The MI ratio versus H curve shows the effect of a transverse anisotropy in the samples. For example, Fig. 4 shows the MI rate as a function of the applied bias field for Fe 73.5 Si 13.5 B 9 Nb 3 Cu 1 wires, with a diameter of 98 µm, in the as-quenched state and submitted to two different annealing treatments, one was a thermal annealing treatment at 560°C during 20 minutes in a furnace under Ar atmosphere (ann), and the second treatment was the same but with an applied torsional stress of π/20 rad/cm (t-ann). These measurements were performed at 1 MHz.
The as-quenched wire has a predominant easy magnetization wire axis, having a maximum of MI at nearly H = 0 Oe field, and then decreasing for higher values of the applied field. The annealed samples show a typical two-peak structure due to the presence of a transverse anisotropy. In the case of the annealed sample (ann) the two peaks are very close to zero. In the torsion annealed (t-ann) sample the two peaks appear at a field of ±10.7 Oe, revealing the existence of a transverse component of anisotropy. The thermal annealing treatments produce a magnetic softening of the samples with respect to the wire in the as-quenched state, as can be seen from the values of the magnetostriction coefficients (17.6 × 10 −6 , 4.5 × 10 −6 and 0.82 × 10 −6 ) and the coercive fields (0.44 Oe, 0.23 Oe and 0.06 Oe) for the as-quenched, annealed, and torsionalstress-annealed samples respectively. The magnetic softening of the sample would produce an increase in the magnetoimpedance response [21] , but the existence of an induced transverse anisotropy also decreases this effect, due to the decrease of the magnetic permeability. In fact, both annealed wires exhibit a decrease in the MI response, as compared to the as-quenched state. The different induced anisotropies account for the MI behaviours. These induced anisotropies could be as the structural one [36] observed in stress-annealed amorphous Finemet-type alloys [37] . The development of a transverse anisotropy in the torsion annealed (t-ann) wire can be clearly seen in the hysteresis loops of these samples, which are shown in Fig. 5 , as well as the softening of the annealed (ann) wire, as compared to the as-quenched one. The magnetic MI response is not so large in the t-ann wire, due to the decrease of the magnetic permeability, clearly seen in this figure. The anisotropy determined from these hysteresis loops agrees with the position of MI peaks for this sample in Fig. 4. 
Microstructure influence on soft magnetic properties: nanocristallization
The nanocrystallization process of amorphous Fe 73.5 Si 13.5 -B 9 Nb 3 Cu 1 wires was studied obtaining the magnetization vs. temperature curves. This procedure allows us to see the crystallization temperatures of the different crystalline phases. The crystallization temperatures of these amorphous wires were around 520°C and 700°C, respectively, and the Curie points of the different magnetic phases was around 350°C for the amorphous phase, around 620°C for the FeSi phase (with around 20 at. % Si), and around 400°C for the Fe 2 B phase [38] . The annealing favours the soft magnetic response of the wires, giving rise to a high magnetic permeability and increasing the saturation magnetization. Figure 6 shows the MI effect in three Fe 73.5 Si 13.5 B 9 -Nb 3 Cu 1 wires, with 133 µm in diameter, one in the asquenched state and other two annealed during 1 hour at 475°C and 565°C, at their relaxation frequencies, 1 MHz, 0.6 MHz and 0.25 MHz respectively. The maximum of MI appears at lower values, with the increasing treatment temperature, reflecting the structural changes that take place. The highest MI response takes place for the wire annealed at 565°C, a selected temperature value that is near the primary crystallization temperature, when the wire has its soft- est magnetic behaviour [39] . As it was explained above, the electrical resistivity affects the value of the skin penetration depth, decreasing it with respect to the non-nanocrystallized state [40] . In this figure the increasing and decreasing magnetic field effect is also shown, in order to observe a possible hysteretic behaviour. The as-quenched (aq) wire shows a small hysteresis at low values of the applied bias field. In the other annealed samples the hysteretic behaviour is negligible. This is also explained by the stress-relaxation effect due to the annealing treatments.
Besides, the MI effect is also sensitive to the effective anisotropy and the resulting domain structure. This fact can be observed by comparing the evolution of the MI effects and domain patterns revealed in Fig. 7 . The disappearance for the labyrinthine domain pattern found on the as-quenched wire surface is detected. This effect is a consequence of the decrease in the average macroscopic anisotropy and the simultaneous reduction and compensation of the average magnetostriction. Figure 8 shows the torsion-impedance (TI) rate spectra for the three Fe 73.5 Si 13.5 B 9 Nb 3 Cu 1 wires (98 µm diameter) subjected to different annealing treatments: as quenched, annealed at 560°C during 20 minutes (ann), and annealed at 560°C with an applied torsional stress of π/20 rad/cm (t-ann). The maximum values of the TI rate appear in the MHz range for all the cases. At a certain drive current frequency, the skin penetration depth, δ, starts to be lower than the wire's radius and the application of a torsional stress, which changes the domain orientation towards a helical direction, modifies the local value of permeability, also changing δ. As frequency increases, this effect takes place at more external shells of the wire, where the influence of a torsional stress is higher. It can be seen from Fig. 8 how the higher values appear in the case of the as-quenched wire and the one annealed without torsional stress. The application of a torsional stress in this Fe-rich wire decreases the value of the impedance response. The as-quenched and the relaxated wire show similar TI values at all frequency ranges. The annealing produces in the ann wire a relaxation of tensile stresses induced during the fabrication procedure. The response of the t-ann wire, which was annealed with an applied torsional stress, is negative and very small. The nanocrystallization process in this wire took place under the influence of the applied torsional stress, which would induce a helical anisotropy in the wire. The impedance response is higher when the sample is twisted during measurement, resulting in a negative value of the torsional impedance (TI). It might be due to the nanocrystallization process, which favours the growth of FeSi crystallites and their orientation towards the circular direction is more difficult as they have been helically oriented. As it was explained above, a magnetic softening of the wires was obtained after the annealing treatment (ann), with the reduction of magnetostriction coefficient and the coercive field. But the magnetic permeability was also reduced in this wire, with the development of the helical anisotropy, which results in an anisotropy field of 10.7 Oe (see Fig. 4 ).
The softening of the sample should improve the MI response, but the TI is a consequence of magnetoelastic effect, which should be larger for higher values of magnetostriction. This would explain the lower value in the case of the t-ann wire. Figure 9 shows the TI rate as a function of the applied torsional stress. The effect is maximum around ξ = 0, and decreases with increasing (clock wise) or decreasing (counter clock wise) applied torsional stress. Also, in this case the t-ann wire shows a small response. The impedance change is more sensible to the application of a torsional stress in the aq and ann wires, due to the dominant of circular magnetizing effects created by the driving current with respect to the helical anisotropic t-ann wires [38, 41] . Figure 10 shows the TI effect for Fe wires (133 µm diameter). It can be seen how the largest response is obtained in the case of the magnetically softest wire, annealed at 565°C at its relaxation frequency of 0.2 MHz. This can be ascribed to the strong reduction in the internal radial anisotropy when the wire is annealed at this temperature, as can be seen in Fig. 6 (domain structure). However, the TI response exhibits two peaks for the as-quenched wire at its relaxation frequency of 0.9 MHz, which can be ascribed to the internal anisotropy generated by the radial stress distribution responsible for the labyrinthine domain configuration. Some hysteresis with the increasing and decreasing torsional stress can be observed, especially in the as-quenched wire [38] .
The impedance response of soft magnetic wires to the application of torsional stresses or magnetic field depends on the characteristics of the particular wire, like anisotropy or magnetostriction. The Fe-rich wires here studied in the as-quenched state show a larger response to the applied torsional stress, as compared with the conventional MI. The saturation magnetostriction in these wires is large, having a value of λ S ≈ 35 × 10 −6 in FeSiB as-quenched wire and 18 × 10 −6 for the as-quenched Fe 73.5 Si 13.5 B 9 Nb 3 Cu 1 , and they show 71% and 76% in the torsion impedance, which is much larger than the 17% and 54% shown in the MI response, respectively. When these wires are torsion annealed, a transverse helical anisotropy is developed, the domain structure is helically oriented in the outer shell of the wire, and the impedance response is not so sensible to the application of torsion during measurements. In these cases the field response shows larger values. A MI rate of 60% is obtained for the FeSiB annealed sample, which is larger than the 35% torsion-impedance response. In the case of this wire the saturation magnetostriction coefficient increased up to 42 × 10 −6 , showing that the highest MI response is not always obtained in the lowest magnetostriction case.
In the case of Co-rich wires, the torsion annealing treatment changed magnetostriction from −2.5 × 10 −6 to −3 × 10 −6 . The domain structure for the as-quenched wire is the one showed in Fig. 2b , while the annealing treatment favours the development of a helical outer-shell domain. The effect of torsion is not so large in these wires. TI of 50% and 25% are obtained respectively (see Fig. 3 ), and the field response is better in both cases, with MI rates of 85% and 38%, respectively.
The short annealing treatment in Fe 73.5 Si 13.5 B 9 Nb 3 Cu 1 wires at 560°C during 20 minutes produces the nanocrystallization of the samples. As it has been above mentioned, the as-quenched wire shows a larger impedance response to the applied torsion, but the nanocrystallized sample has a MI rate of 97%, much larger than the TI rate of 79%. The Fig. 11 Torsion-impedance rate with respect to 1.26 rad/cm (a) and magnetoimpedance rate (b) spectra for FeSiBNbCu wires with different diameters in their as-quenched state appearance of small crystallites has magnetically softened the sample (magnetostriction decreased to 4.5 × 10 −6 ) and favours the TI and MI responses, as compared with the asquenched sample. This effect occurs as well in the 133 µm diameter wires with this same composition, after an annealing of 1 hour in a furnace at 560°C. In this case a TI rate of 83% and a MI rate of 82% are obtained, after the improving of the soft magnetic properties.
3.5 Effect of the wire size on the impedance response Figure 11 shows the spectra of torsion impedance (a) and magnetoimpedance (b) of FeSiBNbCu wires in the asquenched state, having two different diameters: 133 µm and 98 µm. The maximum applied torsional stress for Fig. 1a  was 1 .25 rad/cm. The smaller 98 µm diameter wire is more sensible to the application of torsional stresses in almost all the frequency range. The relaxation frequencies for the TI are similar in both cases. These wires are expected to have basically the same domain structure, but with variation of the proportion of volumes of the inner-and outer-shell domains. The application of torsional stresses affects the domain structure of the wires. The response to the applied magnetic field (MI) of the bigger wire is larger in the frequency range up to 1 MHz, when the impedance of this wire decreased and the magnetoimpedance of the smaller wire is still increasing. The relaxation frequency increases as the wire diameter decreases, as happens in Co-rich glass covered wires [42] . The MI response as a function of the applied field is similar in both samples, with a single-peak structure, as is expected for the as-quenched wires. The different rate of the skin penetration depth to the wire radius value of both wires is not clearly seen in the starting point of the MI or TI effects.
The torsion impedance has a different character for both wires: there is a two-peak structure in the thicker wire, meanwhile the 98 µm diameter wire shows a pronounced peak with the maximum at ξ = 0 rad/cm, as is shown in Fig. 12 for both wires at 1.5 MHz. The smallest wire has the largest response to the applied torsional stress. As is expected in these wires, due to their large magnetostriction coefficient, the torsional-stress response is larger than the MI response (about 15% in the 133 µm diameter thick wire and 20% in the 98 µm one, as compared with the 30% and 70% TI response). The different torsion response could be due to the influence of the domain structure of both wires. The torsion induces a helical anisotropy, which is strongest at the surface of the wire, therefore there could be still some inner domain axially oriented, and whose volume is larger in the thickest wire.
3.6 Combined effect of magnetic field and applied torsional stress
In order to study the influence of applied torsional stress on the MI effect, we measured the axial induced voltage in wires under the simultaneous application of torsions. Shear stresses introduced when a torque is applied on a rod are equivalent to the combination of tensile and compressive stresses of equal strength, mutually perpendicular and making an angle of 45°with the rod's axis. That produces easy magnetoelastic directions following a helical path (tensile or compressive lines according to the sign of the saturation magnetostriction constant) [43] . Figure 13 shows the MI effect in some Fe-rich and Corich wires, in the as-quenched state and after being submitted to annealing treatments of 350°C with an applied tensile stress of π/20 rad/cm. The selected value of driving current frequency was 0.8 MHz. The Co-rich wires have a larger field response with ξ = 0 as is expected, reaching values close to 150% in the as-quenched state. The induction of helical anisotropy in all cases produces different responses. The as-quenched Fe-rich wire improves its response when a torsional stress is applied for the case of low magnetic field values (H < 12 Oe). This is due to the increase of the circular component of permeability, which improves the magnetization towards the axial direction as the magnetic H field is increased. The annealed wires have already a helical anisotropy produced by the annealing treatment, but this reinforcement of the circular permeability would make more difficult the rotation of magnetization towards the axial direction. The impedance in the case of Fe-rich wires has better responses, but the application of an external torsional stress results in the decrease of the MI response.
The Co-rich wires show a two-peak structure, typical of samples with a circular anisotropy, when the maximum of permeability is obtained for a certain static magnetic field, where MI has a maximum [44] . In this case the application of torsional stresses largely decreases the MI response. The torsion applied to the samples during MI measurements favours the development of magnetic domains out of the circular direction and produces the tilting of the magnetization of the sample along the axial direction by means of rotational processes. The helical anisotropy would decrease the circular permeability that is initially present in the asquenched state, and is needed for a large MI effect.
Sensitivities to the applied magnetic field show their largest values in the case of the as-quenched Co-rich wire. The sensitivity value reaches 14.3%/Oe when no torsional stress is applied, but it is increased up to 19.1%/Oe with the application of 0.08 rad/cm. This is due to the narrow peaks for this case, as can be observed in Fig. 13 .
These results show that a small circular anisotropy is needed in order to obtain large impedance responses, although a further increase in anisotropy would lead to a decrease of permeability, and therefore a decrease of impedance.
3.7 Off-diagonal MI in Fe-rich and Co-rich wires
The off-diagonal MI effect originates in the existence of cross magnetization processes when the sample is axially magnetized and an ac current is flowing through it [22] [23] [24] [25] . The large responses are favoured by the existence of a helical path around the direction of the excitation current [45] .
The helical anisotropy that improves off-diagonal components of impedance was induced in our samples by the annealing treatments. Other authors develop a helical field by applying a dc current to the sample, together with the excitation current, in order to produce some kind of asymmetry. The dc current induces, in these cases, a completely different appearance of the off-diagonal MI. The handicap of this latter procedure is that a higher consumption is needed [22, 23, 46] . The same asymmetry found in off-diagonal components, has been also found in axial impedance by the effect of dipolar interactions between two different samples [47] .
The off-diagonal impedance dependence on axial field is shown in Figs. 14, 15 and 16, for a variety of Fe-rich and Co-rich wires, measured at their relaxation frequencies, where the maximum response to the H field is obtained. The off-diagonal MI response improves with the annealing treatments for all measured wires. The case of the FeSiB wires is displayed in Fig. 14 . The annealing treatment makes the offdiagonal MI sharper and improves sensitivity up to 16%/Oe. Although the magnetostriction increases up to 42 × 10 −6 , a helical anisotropy is developed, and it is stronger on the wire's surface, increasing the circular permeability, as compared with the as-quenched wire.
The case of CoSiB wires, with negative magnetostriction can be observed in Fig. 15 . The annealing treatment largely improves the off-diagonal impedance response, reaching values up to 3300%. The sensitivities are huge: 106%/Oe in the as-quenched wire, and 600%/Oe in the annealed one. The two-peak MI behaviour that appears for these wires has been related to the rotational magnetization process occurring near the anisotropy field of the circular domain in the outer shell of the wire [27, 48] . The circular anisotropy field is then ±2 Oe for the as-quenched wire and decreases a little bit, to ±1.5 Oe in the annealed one. This shows that the circular permeability decreases due to the development of the helical induced anisotropy. The off-diagonal ζ φz component has been enhanced for the reinforced helical anisotropy at the wire surface [49, 50] . Figure 16 shows the case of other Fe 73.5 Si 13.5 B 9 Nb 3 Cu 1 wires, in the aq state, after being partially nanocrystallized (ann), and the last ones after being torsion annealed (t-ann), as they were above defined. The torsion annealing treatment increases the off-diagonal MI response up to 720%, and develops a very well defined structure of two peaks, meanwhile the aq and ann wires have a single-peak structure. This has been related to the development of the helical anisotropy induced by the annealing treatment with the applied torsional stress. This result seems to indicate that after the annealing treatment, the torsion-induced helical anisotropy has partially balanced the intrinsic one, decreasing the angle between the easy axis and the wire axis. Although the helical anisotropy is not uniform along the wire radius, its magnitude is the highest at the wire surface changing the domain structure [27, 51] . Fig. 16 Off-diagonal component of magnetoimpedance in Fe-rich wires in the as-quenched state (aq), after being submitted to an annealing treatment of 560°C (ann), and the same treatment with a torsional stress (560°C, π/20 rad/cm), (t-ann). The relaxation frequencies are 1.5, 1.5 and 1.0 MHz, respectively All materials studied in this work improve their offdiagonal impedance response when the helical anisotropy develops. All results show almost symmetrical curves with no appreciable hysteresis due to the fact that no dc bias current has been applied during measurements. The application of a dc bias current has been demonstrated to increase the asymmetry in the low field region [52] . This has the advantage of reducing the power consumption when a sensor based on this effect is built, but it reduces the linear part of the curve from zero up to the anisotropy field value.
The quick decrease in the off-diagonal component of impedance is due to the decreasing of circular permeability, which takes place as the axial magnetizing field increases. The lack of hysteresis suggests that the magnetization process takes place by reversible rotational processes from the helical to the axial direction. The high frequency also guarantees the absence of domain-wall displacements due to their damping.
The huge sensitivity obtained with this effect could be influenced by the small value of induced voltage at the maximum applied field, which is used to calculate the sensitivity from (2) and (3). This makes possible the use of these samples as sensitive elements in magnetic field sensors based on this effect. For example in Fig. 15 , the magnetic fields between +2 Oe and up to 20 Oe could be easily measured from this strong dependence, using the more sensitive annealed Co-rich sample as sensing element. The behaviour of the annealed Fe-rich wire in Fig. 14 would allow us to detect magnetic fields from 0 Oe up to around 20 Oe in the quick decrease of the off-diagonal component of impedance with a smaller sensitivity than the Co-rich wire.
Conclusions
Large varieties of amorphous wires have been studied in this work, in order to obtain the axial and off-diagonal impedance response to magnetic field and/or torsional stresses, and under the influence of different stress/torsion-induced anisotropies and annealing treatments for samples nanocrystallization.
The different MI behaviour in wires is mainly due to essential differences in their domain structure due to their opposite sign of magnetostriction coefficients (Co-rich and Ferich wires) or to the induced anisotropies, which change the circular magnetic permeability, influencing the magnetic response of the material.
The different diameter of the wires also modifies the proportion of the inner and outer domains, producing different MI and TI responses.
The simultaneous application of magnetic fields and torsional stresses can improve the magnetic response of impedance in some of the wires, due to the development of the magnetoelastic helical anisotropy modifying the outer-shell magnetic domain structure, which produces responses to the applied field of 150% in the most favourable situation of the Co-rich wire. A small circular anisotropy is desirable in order to obtain large responses.
The off-diagonal component of impedance has been studied in amorphous and nanocrystallized wires. The offdiagonal MI effect response is found to be due to the decreasing of circular permeability when the samples are axially magnetized, increasing the magnetization processes by reversible rotation of magnetization. This effect seems to have several advantages for its application in magnetic field sensing devices. This component shows enormous almost symmetrical responses to the applied magnetic field and their responses do not exhibit hysteresis.
The off-diagonal MI responses improve with the development of a helically induced anisotropy in torsion annealed samples. The nanocrystallization of the sample wires also improves the off-diagonal effect, due to the magnetic softening of the samples.
Although the off-diagonal MI effect is not asymmetric around H = 0 Oe, its large value makes it possible for using it in the measurement of magnetic fields without the application of any extra dc current, which would increase the power consumption of the sensing device, allowing its noise to decrease at the same time.
